We report on conjugated polymer nanoparticles of polyfluorene that were formed to exhibit higher fluorescence quantum efficiency in film (68%) and reduce undesired emission peak wavelength shifts in film (by 20 nm), compared to the solid-state polymer thin film made directly out of the same polymer solution without forming nanoparticles. Using the facile reprecipitation method, solutions of poly[9,9-dihexyl-9H-fluorene] in THF were added at different volume ratios to obtain different size distributions of nanoparticle dispersions in water. This allowed us to control the sizedependent optical emission of our polyfluorene nanoparticles. Such organic nanoparticles hold great promise for use as efficient emitters in optoelectronic device applications.
Fluorene-based polymers have been extensively investigated because of their superior optoelectronic properties to be utilized in various photonic device applications [1] [2] [3] [4] [5] [6] . Of such π -conjugated systems, poly(9,9-dialkylfluorene)s are particularly attractive as blue emitters in organic light emitting diodes (OLEDs), thanks to their high quantum efficiency, ease of processability, and good thermal stability [2] . For use in such devices, it is necessary to deposit solutions of π -conjugated polymers onto solid substrates, typically by spin-coating, dip-coating, or drop-coating. This leads to electronic coupling of the polymer chains (interchain interaction), which is essential for charge carrier transport in the film state. Also, the presence of interchain coupled states induces an efficient energy transfer from higher energy intrachain singlet excitons to lower lying eigenstates that are delocalized over several polymer chains in intimate contact with each other (through dispersive relaxation processes). However, such aggregate-induced depopulation of the initially excited intrachain excitons also undesirably result in a significant red shift in the emission band, accompanied with a substantial reduction in the fluorescence quantum efficiency (Φ PL ) of typically more than 50% in the film state [7] [8] [9] [10] [11] . In this work, to address this problem, we propose and demonstrate the formation of organic nanoparticles (NPs) from π -conjugated polymers to exhibit higher fluorescence quantum efficiencies and reduced shifts in their emission bands in their NP films compared to their polymer thin films without forming NPs.
In the recent reports, various methods have been previously shown for the formation of organic NPs [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . These include mini-emulsion process [12] , hydrothermal synthesis [17] , and reprecipitation [13, 14, [18] [19] [20] [21] . Among them, especially attractive is the reprecipitation method because of its simplicity and versatility. This method involves the dissolution of a hydrophobic polymer in a good solvent and subsequent addition of the solution into a poor solvent to form folded polymer chains as nanoparticles. Previously, Masuhara et al. reported blue-shifting absorption and emission spectra as the diameters of P3DDUT (poly(3-[2-(Ndodecylcarbamoyloxy)ethyl]-thiophene-2,5-diyl) NPs were reduced from 420 nm to 40 nm [13] . This was attributed to polymer conformations, spatial arrangements, and lattice softening, which was also earlier proposed by Kasai et al. [13, 21] . In another study on PFO (poly(9,9-dihexylfluorenyl-2,7-diyl), PFPV ([{9,9-dioctyl-2,7-divinylene-fluorenylene}-altco-{2-methoxy-5- respect to their THF solutions, citing a quantum yield level of 10% for these NP dispersions [19, 22] .
In this paper, for the first time, we present highly efficient organic nanoparticles made of the polyfluorene derivative poly[9,9-dihexyl-9H-fluorene] (PF) ranging from 5 nm to 70 nm in diameter prepared by the reprecipitation method. We investigate the size-dependent optical behavior of these PF NPs at their different stages of processing, including their NP dispersions and their NP films, and comparing them against their original polymer stock solutions before NPs are formed and their polymer thin films made directly out of the same stock solutions without forming NPs. This provides a complete comparative study of modification to the optical emission properties including electronic transition wavelengths and fluorescence quantum efficiencies, during the entire processing of PF from stock solution synthesis to NP dispersion formation to NP film formation.
We use the synthetic pathway for poly[9,9-dihexyl-9H-fluorene] as described in our previous work [6] . Here in this work, first making NP dispersions and then their NP films, we discover that our nanoparticles with a relatively smaller size distribution (up to 30 nm in diameter) possess a high fluorescence quantum efficiency of Φ PL =68% in the film state, while relatively larger NPs (up to 70 nm in diameter) exhibit a comparatively lower fluorescence quantum efficiency of Φ PL =43%, again in the film state. Particularly, the quantum efficiency of small NPs significantly surpass the efficiency observed for the solid state thin films of PF (without forming nanoparticles), which is typically in the range of 23-44% depending on the film thickness. This low quantum efficiency is closely related to the lower emission from the interchain aggregate species in the PF thin films.
As another interesting feature of PF NPs, we also observe that the spectral shifts in the emission peak wavelengths are greatly reduced for these nanoparticles when transformed from the dispersion to the film state. Though we observe an immense change in the fluorescence peak of the PF control group solution (emitting at 418 nm) when its solid film is formed (emitting at 450 nm), we do not observe such a significant change in the optical absorption spectrum. This confirms that the conformational changes within the polymer matrix do not affect the absorption properties to as great extent as the fluorescence properties. This indicates that, though material folding does not substantially affect the absorption, the fluorescence is diminished mainly due to increasing competitive non-radiative decay processes, arising from an increased number of polymer chains in close contact with each other. The optical emission properties of the polymer nanospheres are strongly dependent on their size, which we control by varying the injection volumes of the polymer solution relative to the volume of water. In this work, we use volume ratios of PF solution in THF to water to be 1/32 for small nanoparticles (SNP) and 1/4 for large nanoparticles (LNP) and prepare their solid state films by drop-casting. Figure 1 depicts the normalized absorption and photoluminescence (PL) spectra of PF stock solution and its thin film as the control group in (a), and those of the large and small PF nanoparticles in their NP dispersion and NP film states in (b) and (c), respectively. Small nanoparticles in dispersion have an absorption peak at 384 nm and emission peaks at 430 nm for the 0-0 electronic transition band, at 455 nm for the first vibronic side band (0-1 transition), and at 485 nm for the second vibronic side band (0-2 transition). On the other hand, large nanoparticles in dispersion have an absorption peak at 386 nm and emission peaks at 425 nm, 450 nm, and 477 nm for the 0-0, 0-1, and 0-2 electronic transitions, respectively. As far as the absorption spectra of PF control solution versus NP dispersions are concerned, we observe almost no change in the absorption peaks shown in Fig. 1 , as also presented in their molar absorption coefficients in the onset of Fig. 2(a) to observe the effect of forming nanoparticle dispersions from the stock solution and in their film absorption coefficients in the inset of Fig. 2(a) to observe the effect of making solid state films. We observe scattering and reflection for the films of these nanoparticles and control group in the visible range, as presented in their transmittance spectra in Fig. 2(b) . Here note that, in the atomic force microscopy (AFM) of these drop-coated solid state film samples in Fig. 2 , NP film thicknesses are measured to be 35 nm for small nanoparticles and 83 nm for large nanoparticles, while the PF control film is 120 nm. The photoluminescence emission peaks, however, change significantly from 418 nm to 430 nm for SNPs and 425 nm for LNPs (Fig. 1) due to initial increase in the intramolecular interactions among polymer chains when NP dispersions are formed from the solution, while contrary to the transition from PF solution to its film, we do not expect any further redshifting emission as films are formed from these NP dispersions. At shorter wavelengths (at higher photon energies), we notice a dominant contribution of the radiative decay from the intrachain excitons. But starting from around 525 nm, we observe broad emission, which is attributed to the radiative decay from excited interchain states populated within the initially excited high energy intrachain species. This observation is also verified by a close inspection of the full width at half maximum (FWHM) of emission bands in the PF solution, PF NP dispersion, PF thin film and PF NP film as listed in Table 1 . The high intensity and sharpness of 0-0 transition both in the NP dispersion and in the NP film with the same FWHM of approximately 14 nm indicates that the radiative decay process takes place mainly through the excitation of high-lying intrachain states. This is further expected to induce at relatively low ratios the population of low-lying aggregate states constituting the outer structure of the nanoparticles at around 525 nm via energy transfer. This process shows itself with an increased FWHM wider than 70 nm around 525 nm. Similarly, the 0-0 transition in the PF solution is quite sharp with a FWHM of 17 nm and there is almost no emission beyond 500 nm. This gives countenance to the fact that initially in solution the emission takes place merely through the radiative process of non-aggregate species, thus yielding an almost ideal case with a very high fluorescence quantum efficiency of Φ PL =83%. However, the thin film formation directly from this PF stock solution undesirably results in a drastic increase in the FWHM of the 0-0 transition to 42 nm, accompanied by a bathochromic shift of 33 nm and a reduced Φ PL =23-44% depending on the film thickness. Also, the emission spectrum of the polymer thin film turns out to be structureless compared to its solution spectrum. This strongly supports that, upon thin film formation, the emission process is dominated by migration of photo-excitations to nonradiative quenching centers and energetically lower-lying aggregate states.
SNPs exhibit an emission peak at 430 nm both in dispersion and in film, while LNPs shift their emission peak only by 3 nm from 425 nm to 428 nm, when transferred from the dispersion to the film state. These changes observed in the emission peak while transferring NPs from dispersion to film is quite insignificant compared to the changes observed going from stock solution to thin film. Correspondingly, the fluorescence quantum efficiency of SNPs and LNPs is not strongly reduced going from stock solution to their respective NP films, maintaining a high level of Φ PL =68% for SNPs and Φ PL =43% for LNPs in the film. There is, however, a red shift of approximately 8-13 nm observed in the NP dispersions compared to the original polymer stock solution. This shift is again insignificant compared to the shift of 33 nm observed going from the polymer solution to the polymer thin film. This red shift of the nanoparticles can be attributed to the initial collapse of hydrophobic polymer chains into compact nanostructures. For very dilute aqueous dispersions of the polymer nanoparticles, the interactions between different chains are minuscule, while interactions within the same chain at different segments increase. Thus, the non-radiative losses resulting from intrachain folding, which provides an alternative pathway for decay processes, are the main reason for the reduced quantum efficiency with respect to the solution state.
We discussed that once folding of polymer chains into nanoparticles takes place, their emission spectra are red-shifted by 8-13 nm depending on the particle size with respect to PF in THF. Here a difference of 5 nm in emission peak wavelengths of SNPs versus LNPs arises from the stronger contribution of red-shifted intramolecular forces acting in SNPs yielding a larger red-shift. On the other hand, in LNPs we obtain a less compact structure so that the emission of high-lying intrachain species is not red-shifted to an equally large extent. Thus, the more blue-shifted emission appears at 425 nm.
The nanoparticle formation thus provides a convenient pathway for the elimination of interchain effects. As a result, the observed optical properties can be directly associated with the intrachain interactions in the small-sized nanoparticles, which implies almost identical optical behavior of collapsed nanoparticles in the dispersion and film states as is verified from the emission spectra in Fig. 1 . Since there are no additional non-radiative mechanisms, PF nanoparticle films in turn lead to much higher Φ PL than PF thin films. A schematic comparative representation of PL shifts going from PF solution to PF thin film and from the same PF solution to PF NP dispersion to PF NP film is given in Fig. 3 , where red and blue arrows indicate red-and blue-shifts with respect to their previous states, respectively. As clearly observed in Fig. 3 , from optical perspective, as opposed to making thin polymer films directly out of the stock solution, it seems to be a better route to get at the final film state via nanoparticle formation to reduce the PL shifts with respect to the starting stock solution and maintain high fluorescence quantum efficiency. Collapse of polymer chains into nanoscale spherical particles results in a reduction of the conjugation length by bending or kinking of the polymer backbone. Thus, we expect slightly blue-shifted absorption spectra especially in the small nanoparticles. Competitively, morphological changes such as increased chain-chain packing lead to red-shifting absorption spectra, which becomes especially a prominent effect for larger nanoparticles. Also the molar absorption coefficients decrease for smaller nanoparticles, which is an effect related to the morphological changes and the resulting scattering. Though scattering is a minor issue in dispersions of NPs, we observe a noteworthy increase of scattering in NP films compared to their dispersion. Although the observed decrease in the absorption coefficient with smaller nanoparticles decreases the absorption of incident light, the overall high quantum efficiency shows that well-isolated small nanoparticle formation is a competent method to overcome this deficiency and achieve highly increased photon conversion. To show the difference in the lateral size distribution of such smaller and larger nanoparticles, Fig. 4 presents the AFM topography of some exemplary SNP and LNP films, indicating a lateral diameter range of 5-30 nm for SNPs and 5-70 nm for LNPs. Here Fig. 4 (a) also shows that monodispersity cannot be achieved at higher concentrations. In conclusion, we presented highly efficient nanoparticles of polyfluorene with a relatively small size distribution of 5-30 nm and a relatively large distribution of 5-70 nm in diameter. We observed high fluorescence quantum efficiencies for the NP films at 68% for SNP and 43% for LNPs, unlike the bulk thin film of PF, which can be as low as 23% depending on the film thickness. Furthermore, we reported a significant reduction in PL peak emission shift of about 20 nm in the NP films compared to the polymer thin film. Nanoparticle formation reduces the PL shifts with respect to the starting stock solution, while maintaining high fluorescence quantum efficiency in the film. From optical point of view, nanoparticle formation offers an alternative route to make efficient films as opposed to the conventional approach of using the stock solution directly to make thin films. For the electronic perspective, the investigation of carrier injection into these nanoparticles is currently in progress. From optical perspective, our initial experiments indicate that such organic nanoparticles hold great promise for use as efficient emitters in future OLEDs.
